INTRODUCTION

2011), spinach (Spinacia oleracea)
, Polygonum species (You et al., 119 2005), tea (Camellia sinensis) (Morita et al., 2011) , and grain amaranth (Amaranthus 120 hypochondriacus) (Fan et al., 2016) . Our previous study found that all oxalate 121 accumulators including 7 cultivars within 5 families were able to secrete oxalate in 122 response to Al stress (Yang et al., 2008) . The second strategy involves chelation of Al 123 with oxalate and sequestration of this non-toxic complex into vacuoles. For example,
124
Al was found to be present as Al-oxalate complex in leaves of Melastoma 125 malabathrichum and buckwheat, two Al accumulating plant species (Watanabe et al., 126 1998; Shen et al., 2002) . Plants such as buckwheat even use both mechanisms of Al 127 detoxification (Ma et al., 1997) . Thus far, the utilization of oxalate as a mechanism to 128 tolerate Al seems to be limited to those plant species that accumulate oxalate.
129
However, the role of oxalate in Al tolerance in plant species that in general do not 130 accumulate oxalate remains unknown.
131
Although oxalate in plant cells provides many benefits, the metabolism of oxalate precipitation, and free radical formation (Scheid et al., 1996) . Some pathogens also 136 secrete oxalate to aid in colonization by stimulating stomatal opening, interfering with 137 cell wall, and acting as an elicitor of programmed cell death (Bateman and Beer, 1965;  138 Guimarães and Stotz, 2004; Kim et al., 2008; Williams et al., 2011 (Giovanelli and Tobin, 1961) , but the enzyme has 146 not been discovered until recently. Foster et al. (2012) (Lou et al., 2016 Fig. 2A) .
206
Then, 8 organic acids were used as potential substrates for VuAAE3 using a 207 coupled-enzyme assay (Chen et al., 2011; Foster et al., 2012 
13
although this increase had fallen after 8 h of exposure (Fig. 4B ).
249
The expression of VuAAE3 responses to other stressors e.g. heavy metals and low 250 pH was also examined (Fig. 4C) VuSTOP1, VuMATE1, and VuFDH are also responsive to low pH regulation (Fan et 255 al., 2014; 2015; Lou et al., 2016) . In order to examine whether expression of VuAAE3
256
is also low pH sensitive, we investigated the effect of low pH stress on VuAAE3 257 expression. In a pH range of 5.5 to 3.5, the expression of VuAAE3 was induced only 258 slightly by pH 4.0, but no significant difference among other pH conditions was 259 detected (Fig. 4D ).
260
We also investigated the spatial patterning of VuAAE3 expression in either the 261 presence or absence of Al. In the absence of Al stress, VuAAE3 is expressed in root tip,
262
basal root, and leaf, but the expression is more abundant in leaf than in root (Fig. 5A ).
263
In the presence of Al stress, however, the expression of VuAAE3 was up-regulated in stress resulted in a significant increase (about one-third) in the oxalate content, the 346 increase was not observed in both transgenic lines (Fig. 9) .
347
In tobacco, the induction of two genes, i.e. NtMATE and NtALS3, were reported to 348 be involved in Al tolerance mechanism (Ohyama et al., 2013 accompanied by the expression induction of VuAAE3 (Fig. 7) . Second, the enhanced
381
Al tolerance of transgenic tobacco plants is associated with the decrease of oxalate 382 accumulation (Fig. 9) .
383
In accord with our findings, other reports also support the view that oxalate stature as well as a pronounced delay in bolting and seed set (Nakata, 2015 (VuFDH) in a previous study (Lou et al., 2016 genes induced by pathogens (Hamel et al., 1998) . In a previous study, a 443 pathogenesis-related gene was also found to be up-regulated by Al stress in rice bean 444 (Fan et al., 2014) . In addition, our recent study suggests that rice bean VuFDH has 445 dual roles both in abiotic and biotic stress tolerance (Lou et al., 2016 Rudrappa et al., 2008; Lakshmanan et al., 2012; Kobayashi et al., 2013) .
449
In Arabidopsis, loss-of-function mutant of AtAAE3 exhibited an increase of oxalate 450 content in the normal growth conditions (Foster et al., 2012) . However, in this study,
451
we found that overexpression of VuAAE3 in tobacco had no measurable influence on 452 oxalate content in the normal growth conditions (Fig. 9) (Fig. 9 ).
466
Transgenic approach is a compelling solution to increase the Al tolerance of plants 467 in acid soils (Ryan et al., 2011; Kochian et al., 2015) . To date, a number of genes 468 involved in different biological processes have been adopted to genetically modify Al 469 tolerance (Ryan et al., 2011 
MATERIALS AND METHODS
485
Plant Materials and Growth Conditions
486
Rice bean (Vigna umbellata) seeds were soaked in deionized water overnight, and CA, USA). The gene-specific primers for 3'-RACE and 5'-RACE amplification were 509 listed in Supplemental Table S1 ). Amplified fragments were cloned into the pMD18-T vector (Takara).The 520 sequences that extended upstream of the cDNA clones were isolated as the 5' 
RNA Isolation and Gene Expression Analysis
526
Total RNA was isolated from eight root tips (0 -1 or 1 -2 cm) or 100 mg leaf 527 tissue using the RNeasymini kit (Tiangen, Beijing, China). First-strand cDNA was 528 synthesized from 1 μg of total RNA using SuperScript™ reverse transcriptase 
532
The primers of genes were listed in Supplemental 
Subcellular Localization and GUS analysis of VuAAE3
540
The full-length gene fragment and promoter region of VuAAE3 was PCR cloned,
541
and ligated into the binary vector 35S::GFP (modified from pCAMBIA1300) and 542 pCAMBIA1301 (fusion to the β-glucuronidase (GUS) gene) vector, respectively 543 (Supplemental Table S1 ). Zeiss, Jena, Germany). GUS staining was performed according to Jefferson et al. 549 (1987) .
551
Over-Expression of VuAAE3 in Tobacco and Al Tolerance Evaluation
552
The VuAAE3coding region, carrying its stop codon, was amplified by PCR using 553 primer pairs (Supplemental Table S1 ) and ligated into a modified pCAMBIA1300
554
vector under the control of the CaMV 35S promoter, then transformed into
555
Agrobacterium tumefaciens (strain GV1301). Tobacco (Nicotiana tabacum) plants 556 were transformed as described by Horsch et al. (1985) . Transgenic lines carrying
557
VuAAE3were selected by PCR using the primers described above. anion-exchange analytical column (4 × 250 mm) and a guard column (4 × 50 mm).
582
The mobile phase was 30 mM NaOH at flow rate of 0.6 ml min -1 .
584
Recombinant Potein Prification and Enzyme Activity assay
585
Full length cDNA of VuAAE3 was obtained by PCR amplification using a pair of 586 specific primers (Supplemental Table S1 ), and cloned into the pET-28a (+) vector. The 
Supplemental Data
610
The following supplemental materials are available. Table S1 . Primer sequences used in this study. 
641
The homozygous seedlings of T4 generation were used to observe GFP fluorescence. were excised from three-week-old transgenic seedlings, and subject to water or 684 oxalate (1 mM) for 2 h. Bars represent 100 µm in roots and 1 mm in leaves. 
